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The germinal vesicle (GV) of starfish oocytes stays just beneath the oocyte cortex at the presumptive animal pole during the
long period of oogenesis. We subjected oocytes to a centrifugal force field to detach the GV from the cortex. The association
between the cortex and the GV persisted and withstood a small amount of centrifugal acceleration at 200g. The GV was
eventually separated from the cortex at 700g. The amount of acceleration sufficient for the GV separation was lowered when
the oocytes were pretreated with Nocodazole and was increased by Taxol pretreatment. Observation of microtubular
structures with an anti-a-tubulin antibody revealed the presence of a complex of spots and radiating arrays as was described
y J. J. Otto and T. E. Schroeder (1984, Dev. Biol. 101, 274–281) and called the premeiotic aster. Nocodazole shortened the
stral arrays, and Taxol enhanced them. These observations indicate that the premeiotic aster works as a device to hold the
V in an eccentric position just beneath the oocyte cortex. © 2000 Academic Press
Key Words: aster; microtubules; centrosome; germinal vesicle; oocyte maturation; meiosis; starfish; centrifuge
microscope.destination in contact with the oocyte cortex long before
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In most animals, fully grown oocytes in the ovary are
arrested at the early prophase of the first maturation divi-
sion. The oocytes at this stage are characterized by a highly
specialized nucleus called the germinal vesicle (GV). The
nucleus is extremely large, suggesting a storage function.
Upon reinitiation of meiosis that is induced by maturation-
inducing hormones, the oocytes exit from this arrest and
the GV then breaks down (GVBD).
In amphibian or sea-cucumber oocytes in the ovary, the
GV is located in the center of the oocytes (cf. Gard, 1991;
Ooshima, 1925). Upon reinitiation of meiosis, they migrate
to the animal pole of the oocytes, finally coming into close
contact with the oocyte cortex near the pole. In the present
material, starfish oocytes, however, the GV settles at the
1 To whom reprint requests should be addressed at present
address: Mitsubishi Kasei Institute of Life Sciences, Minami-Ooya
11, Machida-shi, Tokyo, 194-8511, Japan. Fax: 181-427-24-6317.
E-mail: kotan@pop3.net.
2 Present address: Department of Life Sciences, Tokyo Gakugei
niversity, Koganei-shi, Tokyo, 184-0015, Japan.0012-1606/00 $35.00
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All rights of reproduction in any form reserved.he maturation is reinitiated (cf. Fig. 2a). Following GVBD,
olar bodies are extruded on the oocyte surface where the
V has been standing. Thus the position of the GV marks
he animal pole of the starfish oocyte. The close proximity
f the GV to the animal cortex appears essential for the
ormal course of meiotic events and further development.
Since the GVs in starfish oocytes are held in position for
long period until the oocytes are spawned, the eccentric
osition of the GV must be maintained by some device. In
he present study, we searched for such a device for the
ccentric positioning of the GV just beneath the oocyte
urface of the animal pole.
MATERIALS AND METHODS
Gametes
Oocytes of the starfish Asterina pectinifera were used through-
out the study. Fully grown immature oocytes (GV-stage oocytes)
were obtained from isolated ovary fragments. To remove the
follicular envelope, the oocytes were treated three times with
Ca21-free artificial seawater (CaFSW). The follicle-free oocytes161
were then rinsed several times with seawater and kept in seawater
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162 Miyazaki, Kamitsubo, and Nemotountil use. When necessary, maturation was reinitiated by treating
the oocytes with 1 mM 1-methyladenine (1-MeAde; Sigma Chemi-
cal Co., St. Louis, MO) in seawater (Kanatani et al., 1969).
Treatment of Oocytes with Cytoskeleton Drugs
Immature oocytes were treated with 0.5 mg/ml Nocodazole
(Sigma), 5 mg/ml cytochalasin B (Aldrich Chemical Co., St. Louis,
O), or 4 mM Taxol (Sigma), each for 30 to 40 min. These test
olutions were prepared by diluting the respective stock solutions
n dimethyl sulfoxide at 200 mg/ml, 2 mg/ml, and 2 mM, respec-
ively, with seawater.
Aspiration of a GV
To determine if the GV is anchored to the animal surface of the
oocytes, the GV was subjected to an aspirating force. A micropi-
pette was made following the procedure of Hiramoto (1974). The
tapered portion near the tip of the micropipette was broken at a
point where it is about 10 mm in diameter. A micromanipulator
(MMO-202; Narishige, Tokyo, Japan) and a microinjector (IM-4A;
Narishige) were used for the surgical manipulation.
Centrifugation of Oocytes with a Centrifuge
Microscope
As another means of detaching the GV from the animal cortex,
we employed centrifugal force. The density of a GV is lower than
that of the surrounding cytoplasm in starfish oocytes (Nemoto et
al., 1980, 1992; Yoshikawa, 1996). Thus centrifugal force tends to
move GVs in the centripetal direction in the oocytes. If the GV is
located near the centrifugal end of an oocyte as in the oocyte on the
right in Fig. 1a, it will be subjected to a detaching force from the
oocyte surface. We used a centrifuge microscope, which enabled us
to directly observe specimens during centrifugation. This micro-
scope was of the stroboscope type (CMS), constructed by Kamit-
subo and his collaborators (Fig. 1b; Kamitsubo et al., 1989;
Hiramoto and Kamitsubo, 1995). The CMS is composed of a
video-enhanced contrast microscope combined with a stroboscopic
light source, a mechanism for centrifugation of a specimen, and a
control panel for triggering the light source in synchrony with the
rotation of the specimen. The characteristics of this CMS are: (1)
the optical system is isolated from the rotation mechanism of the
rotor, so that it is easy for a specimen to be in focus during the
centrifugation, and (2) scanning of the microscopic field in all
directions during centrifugation is also accomplished by radially
moving the optical system and by changing the timing of the
stroboflash light to illuminate the specimen.
Oocytes were suspended in a solution prepared by mixing 1 M
sucrose with seawater (5.5:4.5, v/v) so as to make the density
almost equivalent to, but slightly lower than, that of the oocytes
(Nemoto et al., 1980, 1992). The suspended oocytes were loaded
nto a 120-mm-thick space in a microchamber (Fig. 1a) made of a
pair of parallel coverslips attached together with pieces of double-
stick tape as a spacer (A. pectinifera oocytes used in the experi-
ments ranged from 160 to 180 mm in diameter). The microchamber
as inserted into an acrylic cuvette filled with the sucrose/
eawater mixture. The cuvette was set in a flat rotor. The radius of
otation ranged from 6.5 to 7.1 cm. Observations were made on
ocytes with an orientation such that the GV was facing the
entrifugal end.
Observations were made with a Nikon 203 (NA 0.40) objectiveCopyright © 2000 by Academic Press. All rightens and a Nikon LWD condenser lens (NA 0.65). The optical image
as taken by a video camera (C2847 Super Eye; Hamamatsu
hotonics, Hamamatsu, Japan) equipped with a 1-in. Newvicon
amera tube (Matsushita, Yokohama, Japan) and contrast-enhanced
ith a real-time image processor (Image S-II; Japan Avionics,
okohama, Japan). The image was observed on a video monitor
ith superimposed data, time, and rotor-revolution speed (rpm) and
ecorded on a master tape using a U-matic VTR (videocassette
ecorder VO-9600; SONY, Tokyo, Japan) and then transferred on to
ither a 12-in. VTR (NV-8030; Matsushita) or S-VHS videocassette
ecorder (RB-S3600; Victor, Yokohama, Japan) for data analysis.
Immunofluorescence Staining of Microtubules
Immunostaining was performed by a modification of the proce-
dure of Sawada and Schatten (1989). The jelly coat and the vitelline
layer of immature oocytes were removed by treatment with 0.01%
actinase (Kaken Pharmaceutical, Tokyo, Japan) for 30 min, fol-
lowed by several rinses with CaFSW. The denuded oocytes were
treated with an extraction medium composed of 10 mM EGTA, 10
mM KCl, 0.5 mM MgCl2, 1% Triton X-100, 20% glycerin, 0.04%
aN3, 0.2 mM phenylmethylsulfonyl fluoride (Sigma), and 25 mM
midazole (pH 6.9) for 1 h at room temperature. The extracted
ocytes were attached onto poly-L-lysine-coated glass slides, fixed
with cold methanol (220°C) for 1 h, and then rinsed for rehydration
with phosphate-buffered saline (PBS; 137 mM NaCl, 2.7 mM KCl,
1.5 mM KH2PO4, and 8.0 mM Na2HPO4).
The primary antibody for staining microtubules was a mouse
monoclonal anti-a-tubulin antibody (Amersham Corp., Bucking-
amshire, England), diluted to 1/1000 with PBS containing 1%
ovine serum albumin (BSA). The secondary antibody used was a
FIG. 1. Centrifuge microscope. (a) Microchamber for holding
oocytes in place and its direction. The double-stick tape has a
thickness of 120 mm. Observations are made on oocytes in which
he GV is facing the centrifugal end, as in the oocyte at the right.
hort arrows indicate the direction of the buoyant force due to
entrifugation. (b) The moving specimen is illuminated with a
ashing light triggered synchronously when the specimen passes
cross the optical axis of the microscope. The pulsed lighting
nables us to observe the specimen directly with the microscope.s of reproduction in any form reserved.
T
m
(
w
(
u
T
l
O
d
T
o
p
G
p
s
d
i
i
p
r
c
2
c
A
o
p
t
o
d
a
o
163Premeiotic Asters Anchor GV to Oocyte SurfaceFITC-labeled goat anti-mouse IgG (Tago, Burlingame, CA), diluted
to 1/200 with PBS containing BSA. The oocytes were (1) treated
with the primary antibody for 60 min, (2) rinsed for 15 min with
three changes of PBS, (3) treated with the secondary antibody for 40
min, and (4) rinsed for 15 min with three changes of PBS. DNA was
then fluorescently stained with DAPI (Sigma) at 0.5 mg/ml in PBS.
he stained oocytes were embedded in glycerol containing 10% 10
M Tris–HCl (pH 8.0) and 2.3% 1,4-diazabicyclo[2.2.2.]octane
DABCO; Sigma), an antifluorescence-bleaching agent, and covered
ith a coverslip.
The specimens were observed with a fluorescence microscope
Optiphoto; Nikon, Tokyo, Japan). To take the micrographs, we
sed Neopan SS film or Neopan Presto 100 film (Fuji Photo Film,
okyo, Japan). Some specimens were also observed with a confocal
aser scanning microscope (TCS-NT; Leica, Wetzlar, Germany).
ptical sectioning of oocytes was conducted along the axis perpen-
icular to the animal–vegetal axis at an interval of 0.5 mm. Digital
images of serial optical sections of the oocytes were exported to a
personal computer (Power Macintosh 8100/80AV; Apple Com-
puter, Inc., Cupertino, CA). The data were integrated by means of
application software (VoxelView/Mac; Vital Images, Inc., Minne-
apolis, MN) for a three-dimensional image from serial sections. The
hard copies were obtained with Pictrography 3000 (Fuji Photo
Film).
RESULTS
Aspiration of a GV
A micropipette was inserted from the vegetal end of an
oocyte in order to touch the tip to the GV membrane (Fig.
2a). The GV was held by the opening of the micropipette
with a small amount of negative pressure (Figs. 2b and 2c).
FIG. 2. Aspiration of a GV. The numbers indicate times (s) after th
nd continuously aspirated into a micropipette inserted from the ve
ocyte surface where the GV was located.Copyright © 2000 by Academic Press. All righthen the tip of the pipette was pulled back near the center
f the oocyte and kept in position (Fig. 2d). The aspiration
ressure was then slightly increased. The contents of the
V were slowly and continuously aspirated into the pi-
ette. About 10 s later, a concavity formed at the cell
urface where the GV was located (arrowhead in Fig. 2e). It
eepened slowly as the GV contents were further aspirated
nto the pipette. Under a constant negative pressure, the
nflow of the GV into the pipette continued, and then the
art of the GV remaining in the cytoplasm suddenly sepa-
ated from the oocyte cortex (Fig. 2f). The entire GV
ontents were gradually aspirated into the pipette (Figs. 2g,
h, and 2i). As the GV was completely aspirated, the surface
oncavity became shallow and finally disappeared (Fig. 2j).
spiration of the cytoplasm alone made around the surface
f the equator or the vegetal region of oocytes never
roduced such a concavity.
These results suggest the presence of a device that affixes
he GV to the inner surface of the cortex. Sudden separation
f the GV from the surface indicates the breakdown of the
evice.
Centrifugation at 200g
The behavior of oocytes and GVs under a centrifugal
acceleration as low as 200g will be described first. In control
immature oocytes, the GV was elongated in the centripetal
direction, but it remained attached to the oocyte cortex (Fig.
3a). The GV was never separated from the cortex (except in
oocytes from particular females, as will be described later
under “Effect of Taxol”).
inning of the micromanipulation. The contents of a GV are slowly
l end of an oocyte (a). A concavity (e–i, arrowhead) is formed at thee beg
getas of reproduction in any form reserved.
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164 Miyazaki, Kamitsubo, and NemotoWe examined whether cytoskeleton inhibitors facilitate
the centrifugal separation of GVs by affecting the integrity
of the holding device. The oocytes treated with Nocodazole
were then observed, and the results are shown in Fig. 3b. In
Nocodazole-treated oocytes centrifuged at 200g, a GV began
to elongate along the centrifugal axis just after the onset of
centrifugation, then gradually assumed a teardrop shape
with an additional 10-min centrifugation, leaving the nar-
row end on the animal pole. Then, the GV was suddenly
pulled off the cortex and regained its spherical shape. The
whole GV then migrated in the centripetal direction. After
another 10 min, it reached the centripetal end of the oocyte
and was flattened against the centripetal cortex of the
oocyte if centrifugation was continued. Cytochalasin B, an
FIG. 3. Centrifugation at 200g. The centrifugation was directed fr
of centrifugal force at 200g is indicated at the top of each picture. T
video timer. (a) Control immature oocyte. The GV faced the centr
separated from the oocyte cortex (189). (b) Nocodazole-treated oocy
shape (079). The GV was suddenly separated from the cortex (119) an
ocyte. The GV was not separated from the cortex.Copyright © 2000 by Academic Press. All rightnhibitor of the polymerization of actin, was entirely inef-
ective in GV separation and GV migration (Fig. 3c).
Centrifugation at 700g
As stated above, a centrifugal acceleration of 200g was
ot sufficient for GV separation in control immature
ocytes. At a higher centrifugal acceleration (700g), the
V became elongated, and in some oocytes the GV was
eparated from the oocyte cortex (Fig. 4a). With Nocoda-
ole treatment, the GVs were always separated from the
ocyte cortex (Fig. 4b). Cytochalasin B was still ineffec-
ive (Fig. 4c). Together with the aspiration experiment, it
op to bottom of each photomicrograph. The time after attainment
umbers at the bottom are revolutions per minute of the rotor and
l end (009). In the centrifugal field, the GV was elongated but not
e GV elongated along the centrifugal axis and assumed a teardrop
igrated in the centripetal direction (149). (c) Cytochalasin B-treatedom t
he n
ifuga
te. Th
d ms of reproduction in any form reserved.
c
o
c
G
d
T
E
C
165Premeiotic Asters Anchor GV to Oocyte Surfaceis certain that the GV anchorage can be broken by
mechanical means, if a sufficient amount of force is
applied. The observations presented above are summa-
rized in Table 1.
Effect of Taxol
A centrifugal force that was sufficient for GV separation
differed among the batches of oocytes. We happened to
encounter some populations of oocytes whose GVs were
separated even at low acceleration at 200g (not included in
Table 1). Using this particular batch of oocytes, we treated
them with Taxol, which is known to stimulate the poly-
merization of tubulin (Schiff et al., 1979). In control oocytes
from the batch, GV separation occurred in about 40% of
oocytes at 200g. The Taxol-treated oocytes were centri-
FIG. 4. Centrifugation at 700g. Centrifugation was directed from
entrifugal force at 700g is indicated at the top of each picture. The
ocyte that illustrates GV separation from the cortex. The GV was
entripetal direction (099). As shown in Table 1, half the control oo
V was separated from the oocyte cortex and migrated in the cent
id not occur. The oocyte was flattened. The GV also became flatCopyright © 2000 by Academic Press. All rightfuged stepwise at 200, 300, 500, and 700g for 20 min each.
At 500g or at a lower force, no separation of GVs was
observed. GVs in all (seven of seven) oocytes separated from
the oocyte cortex only at 700g.
to bottom of each photomicrograph. The time after attainment of
bers at the bottom are the same as in Fig. 3. (a) Control immature
rated from the oocyte cortex after 6 min and then migrated in the
s did not show GV separation. (b) Nocodazole-treated oocyte. The
al direction. (c) Cytochalasin B-treated oocyte. The GV separation
transiently.
ABLE 1
ffects of Cytoskeleton Drugs on GV Separation from the Oocyte
ortex by Centrifugation
Untreated Nocodazole Cytochalasin B
200g 0/41 (0%) 32/35 (91%) 0/18 (0%)
700g 5/12 (42%) 7/7 (100%) 0/3 (0%)
Note. Number of GV-translocated oocytes/number of centri-
fuged oocytes (%) is given.top
num
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166 Miyazaki, Kamitsubo, and NemotoMicrotubular Structures
The effects of Nocodazole and Taxol as described in the
preceding sections indicate that a microtubular system
must play a role in GV anchorage. We will now describe the
microtubular structures as detected by an anti-a-tubulin
ntibody.
In control immature oocytes, either one spot or two spots
nd arrays radiating from the spot(s) were present between
he GV and the cortex in the animal pole region (Fig. 5a).
he spots were strongly fluorescent. The radiating fibers
djacent to the GV in starfish oocytes were originally found
y Wilson and Mathews (1895). Otto and Schroeder (1984)
dentified them as bundles of microtubules and coined the
erm “premeiotic asters” to represent the complex of bright
pots and radiating arrays. In our observations, the oocytes
ollected at the beginning of the breeding season usually
howed one spot (Fig. 5a-3). The oocytes from the later
eason typically had two spots (Figs. 5a-1 and 5a-2). The
FIG. 5. Immunofluorescence microscopy. (a-1 to a-3) Control imm
(a-1, a-2) bright spots are shown. GV-surrounding bundles (a-2, ar
Nocodazole-treated oocyte. Neither the spots nor the arrays is seen
The central region of the aster is not stained by the antibody. (d) C
in control immature oocytes. The scale bar in a-1 (50 mm) appliesCopyright © 2000 by Academic Press. All rightadial arrays differed in fiber length and thickness, and
ome of them divided into branches or overlapped one
nother (Fig. 5a-3). In addition to confirming the presence of
he premeiotic aster, we observed two other kinds of
icrotubular structures: Those that are distributed along
he entire surface of the GV envelope (Fig. 5a-2, “GV-
urrounding bundles of microtubules”) and the reticular
etworks in the cytoplasm (Fig. 5a-1), which probably
nclude a cortical array observed by Otto and Schroeder
1984).
Microtubular structures in oocytes treated with Nocoda-
ole, Taxol, or cytochalasin B are also shown in Fig. 5. In
ocodazole-treated oocytes (Fig. 5b), the premeiotic aster
nd the GV-surrounding bundles were not recognized dis-
inctly. The reticular networks were also disturbed. With
axol treatment (Fig. 5c), the premeiotic aster became
ense, probably due to an increase in the number of micro-
ubules, although a central region of the aster was not
oocytes. Microtubular arrays radiating from either one (a-3) or two
ead) and the reticular network (a-1, asterisk) are also shown. (b)
axol-treated oocyte. The density of the radial arrays is augmented.
halasin B-treated oocyte. Microtubular structures are the same as
2, b, c, and d. The scale bar in a-3 represents 50 mm.ature
rowh
. (c) T
ytoc
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167Premeiotic Asters Anchor GV to Oocyte Surfacestained by the antibody. In the deeper region of this area,
some filamentous figures or several spots were faintly
stained. Cytochalasin B treatment did not affect the micro-
tubular structures (Fig. 5d).
We then observed the oocytes with the GVs separated
from the cortex by mechanical means. When the GV was
aspirated with a micropipette, the bright spots and astral
arrays remained attached to the cortex (Fig. 6a). The reticu-
lar networks in the cytoplasm were unchanged. GV-
surrounding bundles were not found. They were probably
aspirated into the micropipette. When the GV was sepa-
rated from the cortex by centrifugation at 700g, the bright
spots and central regions of the asters were missing (Figs. 6b
and 6c).
Confocal Laser Scanning Microscopy
We also observed microtubular structures in control
immature oocytes with a confocal laser scanning micro-
scope. The radial arrays were fitted onto the GV surface
(Fig. 7a) and appeared contiguous to the reticular network at
their distal end (Fig. 7b). The reticular network was ob-
served throughout the cytoplasm (Fig. 7a).
Maturing Oocytes
We observed microtubular structures in maturing oo-
cytes fixed 5, 10, and 15 min after initiation of 1-MeAde
treatment. After 5 min of 1-MeAde treatment, the premei-
otic asters and the other structures were comparable to
those in immature oocytes. Ten minutes after the treat-
ment, the radiating arrays of the asters were shortened (Fig.
8a, 109). Fifteen minutes after the treatment, the arrays of
the asters were undetectable (Fig. 8a, 159). In contrast, the
central spots of the asters grew larger and were stained more
intensely with FITC during the period of 1-MeAde treat-
ment. The GV broke down at 23 min. Following GVBD, the
FIG. 6. Microtubules in the oocytes with extracted GVs. Microt
cortex. The scale bars represent 50 mm. (a) The GV was removed
cortex. (b and c) The GV was separated from the cortex by centrifu
of astral arrays was missing from the cortex. (c) DAPI staining. ThCopyright © 2000 by Academic Press. All rightright spots increased in size, and the GV-surrounding
undles were no longer observed (Fig. 8a, 249). The reticular
etwork was sparse.
To observe maturing oocytes in a centrifugal field, oo-
ytes were treated with 1-MeAde for 5 min and were loaded
nto a chamber filled with a sucrose/seawater mixture
ontaining 1-MeAde. Centrifugation was then initiated as
oon as possible. Centrifugal acceleration at 200g was
attained after 7 to 12 min of 1-MeAde treatment. As is
usually the case with immature oocytes, the GV was
elongated, but the anchorage to the oocyte cortex was not
readily broken. About 5 to 10 min later, the GV was
eventually separated from the cortex and began to migrate
ar structures in the oocytes after the GV was separated from the
piration. Radial arrays and bright spots remained attached to the
n at 700g. (b) Anti-a-tubulin antibody staining. The central region
moved to the vegetal end of the oocyte.
FIG. 7. Confocal laser scanning microscopy. Immature oocytes.
The scale bar in each photomicrograph indicates 50 mm. (a) Optical
section. Some radial arrays (arrow) extend to the surface of the GV.
GV-surrounding bundles are marked by arrowheads. Reticular
network (asterisk) is observed throughout cytoplasm. (b) Three-
dimensionally reconstructed image. The distal end of the radial
arrays appears contiguous to the reticular network (arrow). This
reticular network at the oocyte surface may correspond to a cortical
array observed by Otto and Schroeder (1984).ubul
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168 Miyazaki, Kamitsubo, and Nemotoin the centripetal direction in seven of seven cases. The
time of the separation was 17–20 min of 1-MeAde treat-
ment, corresponding to about 5 min before GVBD, for the
seven oocytes examined. Extrusion of polar bodies was not
observed.
In comparison with the time of disappearance of astral
arrays (within 15 min, see Fig. 8a), it is indicated that the
aster disappears first and then the GV migrates. This
observation suggests that the GV is anchored to the cortex
by arrays of the premeiotic aster.
FIG. 8. Maturing oocytes. (a) Microtubular structures. The time (m
icture. The radiating microtubules of the astral arrays were shorte
astral arrays increased in size. (b) Centrifugation at 200g. The time
-MeAde treatment and the time after attainment of centrifugal for
17 min of 1-MeAde treatment. GVBD occurred after 23 min at the
each photomicrograph indicates the time after the start of 1-MeAd
(in parentheses). The oocyte is flattened against the spacer tape.
direction 12 min after 1-MeAde treatment and broke down at theCopyright © 2000 by Academic Press. All rightAdditional Observations on Oocytes under a
Centrifugal Force Field
Migration of nucleoli. The GV of the Asterina imma-
ture oocyte contains one nucleolus. The nucleolus
moved in the centrifugal direction even by weak centrif-
ugation as low as 30g (Fig. 9a). The density of the
nucleolus is thus higher than that of the nucleoplasm, as
is the case with oocytes of the sea urchins Echinus
esculentus and E. miliaris (Gray, 1927) and the chaetopod
after the start of 1-MeAde treatment is indicated at the top of each
09). Most of them are undetectable by 159. The central spots of the
e top of each photomicrograph indicates the time after the start of
200g (in parentheses). In this oocyte, the GV began to migrate after
er of the oocyte. (c) Centrifugation at 700g. The time at the top of
atment and the time after attainment of centrifugal force to 700g
GV also became flattened. It began to migrate in the centripetal
r of the oocyte.in)
ned (1
at th
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169Premeiotic Asters Anchor GV to Oocyte SurfaceChaetopterus pergamentaceous (Goda et al., 1998). A
nucleolus that was located near the center of the GV
moved straight to the centrifugal end of the GV at a
constant speed of about 3 mm/s. A nucleolus resting near
the GV membrane first moved straight in the centrifugal
direction and then when it reached the inner wall of the
nuclear envelope, it slipped down along the GV mem-
brane, eventually arriving at the centrifugal end of the
GV. Our observations indicate that the nucleoplasm of
GVs is homogeneous and contains no barrier that pre-
vents the moving of large particles such as the nucleolus,
which is about 10 mm in diameter.
Flattening of maturing oocytes. Under 700g, the shape
of the immature oocytes changed only slightly (Fig. 4a), but
in maturing oocytes, the oocytes were flattened against the
spacer tape (Fig. 8c). This deformation is thought to reflect
a decrease in the surface rigidity of oocytes upon the
reinitiation of meiosis by 1-MeAde (Nakamura and
Hiramoto, 1978; Nemoto et al., 1980). GVs also became
attened.
Like 1-MeAde-treated oocytes, those treated with cy-
ochalasin B also decrease in rigidity (Nemoto et al., 1980).
nder 700g, oocytes became compressed (Fig. 4c), and GVs
lso became flat transiently. GVs gradually recovered their
pherical shape under continuous centrifugation. Upon
elease from the centrifugal acceleration, the oocytes re-
urned slowly to their initial round shape.
FIG. 9. Nucleoli migration at 30g. The numbers indicate times (s
0 mm. (a) The nucleolus was initially located near the center of tCopyright © 2000 by Academic Press. All rightDISCUSSION
Anchorage of the GV to the Oocyte Cortex at the
Animal Pole Region
Our two experimental protocols made it clear that the
GV is anchored to the oocyte cortex: One observation is the
persistence of GV contact to the cortex at one end even
when the entire body of the GV is elongated by the
aspirating force before the GV contents are drawn into a
pipette (Fig. 2) and the formation of the concavity at the
surface of the oocyte, juxtaposing the elongated GV. An-
other observation is that the GV is not readily pulled off the
cortex under a low (up to 200g) centrifugal field. This is a
quantitative expression of the strength of the structure of
the holding device.
The Premeiotic Aster as a Candidate for the
Holding Device
While affixed to the cortex at the animal pole in the
natural condition, the GV is eventually pulled off from the
cortex with increasing centrifugal acceleration up to 700g.
Thus we could quantify the firmness of the anchorage
between the GV and the cortex in terms of the strength of
centrifugal acceleration necessary to pull the GV off the
oocyte cortex. Based on the quantitative data, i.e., the
weakening of the anchorage by Nocodazole and its enforce-
ment by Taxol, it is certain that some component of the
m the onset of the migration of nucleoli. The scale bar represents
V. (b) The nucleolus initially rested near the GV membrane.) fro
he Gs of reproduction in any form reserved.
microtubular systems plays a role in the GV anchorage. extrusion. This indispensability probably applies to starfish
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170 Miyazaki, Kamitsubo, and NemotoAmong these components, the radial array of the premei-
otic aster is the candidate of choice, because some radial
arrays extend along the surface of the GV (cf. Fig. 7a), and,
moreover, they are contiguous, at the distal end, to the
reticular network in the cytoplasm (cf. Fig. 7b).
Our observations further confirmed that the radial arrays
of the premeiotic aster are diminished or destroyed by
Nocodazole and enhanced by Taxol. Our observation that
during oocyte maturation, the radial arrays disappear first
and then the anchorage is broken down by low-speed
centrifugation further shows the essential role of the radial
arrays relative to the anchorage.
To summarize, we conclude that the radial arrays of the
premeiotic aster are the device that holds the GV at the
oocyte cortex.
Pattern of the Premeiotic Aster after Separation
of GVs
When the GV was forcefully pulled from the cortex, a
majority of the premeiotic aster complex was found to
remain associated with the oocyte cortex (Fig. 6a) and was
not associated with GVs. Obviously the breaking plane is
the connection between the GV and the radiating fibers.
Close examination of the premeiotic aster complex left
attached to the cortex, however, revealed a subtle differ-
ence, depending on the way in which the GVs were pulled
off: In the case of aspiration, the whole assemblage of the
premeiotic aster complex was found intact at the cortex,
but with centrifugal separation the central region of radiat-
ing arrays (including the bright spots) was missing. As a
tentative explanation, this apparent difference may be due
to the mode of action of the pulling forces, which is not the
same for aspiration and centrifugation: The aspirating force
is transmitted via the GV envelope tangentially to the site
of attachment with the microtubule fibers, but the buoyant
force due to centrifugation should act directly on the entire
body of the GV. No further argument can be made at
present.
In any case, our observation of the premeiotic aster of the
oocyte with an aspirated GV confirms the observation of
Picard et al. (1988): These authors removed GVs from
immature oocytes of the starfish Astropecten aranciacus by
aspiration and affirmed that the premeiotic centrosome was
left intact within the oocyte.
Relevance to Polar Body Formation
In the present study we have provided evidence in sup-
port of the role of the premeiotic aster as the holding device
to keep the GV next to the inner surface of the oocyte
cortex near the presumptive animal pole of the oocyte,
throughout the long-lasting period of prophase I. Working
on surgically manipulated sea-cucumber oocytes, Ma-
ruyama (1990) demonstrated that the close association of
the GV and the premeiotic aster is indispensable for the
formation of the meiotic spindle, which leads to polar bodyCopyright © 2000 by Academic Press. All rightocytes as well, since we have observed that the oocyte
ith the GV separated from the premeiotic aster fails to
xtrude the polar body.
Yet, it should be recalled here that there is another factor
hat ensures the formation of the polar body: It is the
inding of the premeiotic aster with the cortex at the
nimal pole of the oocyte. Maruyama (1990) argues that
the cortex or cell surface of the animal pole may contain
ocal factors responsible for binding with asters or the
rganizing center.” The nature of this binding, however,
as previously been unclear. In this respect, one of our
resent observations should be mentioned: When the GV
as pulled off the cortex by external forces, the breaking
oint was always the association between the premeiotic
ster and the GV and not the binding of the aster to the
ortex. This means that the latter binding is definitely
tronger than the anchorage between the premeiotic aster
nd the GV. In considering an essential role for the binding
f the meiotic aster to the animal pole cortex in normal
eiotic division, it is reasonable to assume that this bind-
ng must be very firm and stable.
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